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INTRODUCTION

Beamline X26A at National Synchrotron Light Source
(NSLS) has been used as a synchrotron x-ray micro-
probe since 1986 and remains to this day the only dedi-
cated hard x-ray microprobe available to users at the
NSLS. The beamline is operated by a Participating Re-
search Team (PRT) consisting of three member organi-
zations; The University of Chicago’s Consortium for Ad-
vanced Radiation Sources (CARS), the University of
Georgia’s Savannah River Ecology Laboratory (SREL),
and Brookhaven National Laboratory’s Environmental
Sciences Department. Although a wide array of experi-
ments are conducted at the beamline spanning the
breadth of scientific disciplines represented by visiting
scientists to the NSLS, the core research mission of X26A
remains in Earth and Environmental Sciences. Synchro-
tron-based micro-analytical research has a major im-
pact in advancing our understanding of the speciation,
transport, and reactions of chemical species in the Earth.
X-ray microprobe techniques offer distinct advantages
over other analytical techniques by allowing analyses to
be done in-situ, an important example being the ability
to determine chemical speciation of a wide variety of
toxic elements in moist soils and biological specimens
with little or no chemical pretreatment and low detec-
tion limits. In particular, microXAFS allows one to quan-
tify oxidation state ratios in heterogeneous earth mate-
rials and individual mineral grains. Such information is
crucial in understanding the toxicity, mobility, and con-
tainment of contaminating metals in the environment,
mechanisms of trace element partitioning, and paths of
strategic metal enrichment in nature.

PrincIPLES OF HARD X-RAY
MICRO-SPECTROSCOPY

Microbeam SXRF

Beamline X26A began its life as a hard x-ray micro-
probe with a dedicated emphasis on x-ray fluorescence
(XRF) microspectroscopy. The x-ray fluorescence tech-
nique has long been a basic research tool in
chemical analysis. For our purposes, if we consider a

sample irradiated with x-rays, two basic types of inter-
actions can occur, photoionization or scattering. In the
former, the incident photon ejects an electron from the
atom, an electron hole is created and the atom ionized.
In the latter, the photon is redirected by an electron
with (Compton) or without (elastic) loss of energy.
Once the electron hole is created by photoionization,
the excited atomic state decays either by an Auger pro-
cess (radiation-less) or by fluorescence. In the
fluorescence process, the resulting vacancy is filled by
an outer shell electron and a characteristic x-ray is emit-
ted whose energy is unique for each transition and
thereby is used to identify the emitting atom. Transi-
tions filling vacancies in the innermost shell are called K
X-rays, those filling the next shell are L X-rays, etc. The
intensity of a given fluorescent x-ray is proportional to
the concentration of that element in the sample. Thus,
an XRF analysis consists of exciting the specimen with
an intense x-ray beam and measuring the energies and
intensities of emitted x-rays. Quantification of the el-
emental content based on the XRF spectrum is rela-
tively straightforward since the physics of
photon interactions with matter is well understood.

Conventional XRF is typically performed on homog-
enized, centimeter-sized samples with a laboratory x-
ray tube source. The principal advantage of using syn-
chrotron radiation for XRF analysis is that it allows the
spatial resolution of the method to be reduced down to
the micrometer level. There are several reasons why
this is possible. First, the synchrotron radiation is sev-
eral orders more intense than x-rays from tube
sources. Second, the synchrotron beam is well-colli-
mated, so that the intensity remains high at considerable
distances from the source. This means that simple ap-
ertures and focusing mirrors can be used to
produce small, intense beams. Third, synchrotron ra-
diation is highly linearly polarized which allows back-
ground from scattered radiation to be minimized by the
geometry of the experiment.

Synchrotron XRF (SXRF) is complementary to other
microanalysis techniques, such as electron microprobe
(EMP) analysis, particle induced x-ray emission (PIXE),
laser ablation inductively coupled plasma mass spec-



trometry (LA-ICP-MS) and secondary ion mass spec-
trometry (SIMS). Each of these techniques is optimized
for particular applications, elements, or sample types.
The attractiveness of SXRF lies in its capability for non-
destructive, trace level analyses of a wide range of ele-
ments with high spatial resolution. Another advantage
is the low power deposition, a particularly important
consideration when analyzing volatile-rich specimens or
biological materials. For a given fluorescent signal, X-
rays deposit between 103 and 10 times less energy
than charged particles.

The SXRF microprobe is particularly well suited for
(1) trace element analysis of nanogram samples (e.g.,
various types of particles, aerosols, and inclusions) and
(2) characterization of trace element distributions with
high spatial resolution (e.g., diffusion profiles,
chemical zonation, impurity distribution, and composi-
tional mapping).

Microbeam XANES

Although the principal focus of the X26A microprobe
remains XRF analysis, microbeam X-ray absorption fine-
structure spectroscopy (XAFS) has become a routine
analytical tool available to the X26A user. XAFS can be
used as a local structural probe, usually of the first two
shells of atoms around an absorber atom, potentially
providing information on valance state, average inter-
atomic distances, and the number and chemical identi-
ties of nearest neighbors. For simplicity, X-ray absorp-
tion spectra are typically divided into two energy re-
gions. The region extending from a few eV below an
element’s absorption edge to about 50 eV above is gen-
erally referred to as the X-ray Absorption Near-Edge
Structure of the spectrum or XANES region. The most
common information available from XANES spectra is
the valence state of the absorber. Under ideal condi-
tions XANES spectra can also yield information about
the coordination number of the absorber.

The Extended X-ray Absorption Fine Structure or
EXAFS region extends to higher energy, typically up to
about 1000 eV above the edge. Electron scattering in
the vicinity of the absorber produces EXAFS spectra.
Detailed evaluation of the oscillations in the spectra can
yield information about coordination numbers and bond
lengths.

However, most X26A users doing XAFS analysis fo-
cus on the XANES region. Very reliable XANES data can
typically be obtained even for low abundance trace ele-
ments. X26A can be used to yield very good EXAFS
data at low concentration on big, homogenized samples,
particularly when utilizing larger diameter beams. Ob-
taining high-resolution microEXAFS data is more of a

challenge. Very little work has been published pertain-
ing to the experimental difficulties of conducting micro-
EXAFS. Most micro-spectroscopy is measured in fluo-
rescence and as spot size and sample thickness moves
below 1 um, difficulties of self-absorption become less
important. However, if the sample size is greater than
about 10 um in thickness, then self-absorption effects
within the volume excited by the incident X-rays can
become an issue. This is less of an issue with XANES
measurements, but micro-EXAFS measurements offer
unique challenges. If the sampling area is of the same
size as the probe beam, then small deviations in beam
position on the sample can dramatically effect the EXAFS
measurements. The primary reason for this is that the
EXAFS signal is typically less than 1% of the total sig-
nal. For a 10-ym sized beam a relative drift on the
order of 0.1 pm can be significant in some cases. Such
dimensions are on the order of thermal expansion/con-
traction of the sample holder with subtle temperature
variations. So for microbeam EXAFS at X26A it’s wisest
to ensure that the measured area is homogeneous on a
scale larger than the probe beam and that sample stage
stability is given consideration. Obviously in the real
world this isn’t always possible, but with the SXRF ca-
pabilities of the beamline a user can produce an elemen-
tal map of the selected sample areas to ensure that
sample spatial homogeneity is larger than the spot size
of the probe beam. Sample thickness can similarly af-
fect XAFS measurements, particularly in transmission
mode.

At X26A, however, most XAFS analysis is conducted
in fluorescence mode, which is typically better suited to
the types samples used at X26A. For most users, samples
have potentially variable thickness, are often composi-
tionally heterogeneous on a micron scale, and are typi-
cally mounted on glass slides. Additionally, the majority
of users are most interested in XAFS of trace elements,
rather than major elements, which is also better suited
to fluorescence mode analysis.

Microbeam XRD

Over the past three years X26A has embarked on a
feasibility study in micro-crystallography, combining the
microbeam XRF and XAFS capabilities of the beamline
with the unique mineralogic information potentially pro-
vided by microbeam X-ray diffraction (XRD). The small
beam divergence and high brightness the synchrotron
source provides has significant potential in the develop-
ment of microbeam XRD for earth sciences. For geo-
logic and environmental samples where grain sizes are
typically in the um range and fine-scale mineralogic het-
erogeneity is expected, combined microbeam XRD-XRF-



XANES provides a unique method by which crystallo-
graphic, compositional, and redox state data can be
gathered near simultaneously. For environmental stud-
ies in particular, where contaminants are typically
adsorbed onto mineral surfaces and extraction of these
contaminants is virtually impossible, microbeam XRD
has significant potential in allowing the user to quantify
the mineralogy of these contaminant phases in-situ and
map their variability over millimeter or micron scales.
Coupling the XRD analysis with microbeam XRF analy-
sis means that analyses can be confidently restricted to
areas where contaminants are localized. Coupling XRD
with XAFS gives a means of validating the speciation,
coordination geometry, and bond lengths calculated by
XANES and EXAFS.

At X26A our diffraction studies focus primarily on
in-situ phase identification using standard powder meth-
ods. As such, some natural limitations exist that must
be kept in mind. Given that most earth materials tend
to be mounted on glass slides for analysis, such backing
materials produce low angle scatter that can interfere
with the identification of minerals. Free standing, epoxy
mounts work best for these types of analyses, but may
not always be feasible. Also, since most of these analy-
ses are more conveniently done in transmission mode
geometry (primarily due to space limitations on the
experimental table) sample thickness and density should
be low enough to permit the diffracted x-rays to pen-
etrate and for analysis points to be representative
(sample thickness < 100 pm seem to work best). Lastly,
due to the small diameter of the incident beam (typi-
cally ~10 pm in diameter), in some samples the crys-
tallites may not be small enough to produce well-de-
fined Debye-Scherrer rings. Rotating the sample during
analysis can be used to achieve a more statistically av-
eraged pattern. Future installation of dedicated Phi and
Chi rotational stages will allow this to be done more
conveniently and expand the capabilities for doing single
crystal XRD analysis.

On the other hand, differences in the “spottiness”
of the powder pattern can yield important information
about the differences in the crystallinity of mineral phases
in the sample or preferred grain orientation (Figure 1).

During this feasibility study John Parise at SUNY
Stony Brook supplied the beamline with a Bruker SMART
1000 CCD system for this purpose. During this study
we were able to demonstrate that such a system in-
stalled at X26A was capable of producing high-resolu-
tion powder diffraction data on very small (<10 um)
crystals in-situ within geologic materials while allowing
simultaneous x-ray fluorescence and absorption analy-
sis. We expect a dedicated SMART 1500 CCD system to
be installed at the beamline in the fall of 2002.

Figure 1. Two microbeam XRD spectra from a ~10
um diameter interplanetary dust particle (Flynn et al.,
2000). The particle is mostly coarsely crystalline pyr-
rhotite, which yields the brightly diffracting single
points. Upon atmospheric heating, however, finely crys-
talline magnetite is formed on the pyrrhotite surface,
which gives well-defined Debye-Scherrer rings.

X26A BeAMLINE CONFIGURATION

Beamline X26A can be operated with various types
of incident synchrotron beams including:
collimated white beam
collimated monochromatic beam
focused white beam
focused monochromatic beam
By far, the majority of the research conducted at
the beamline within the past few years has used fo-
cused monochromatic radiation. Prior to the installation
of Kirckpatrick-Baez (KB) micro-focusing mirrors, most
analyses were done using collimated white beam. The
following sections describe the various components of
the X26A beamline and associated microprobe appara-
tus.

Beamline Geometry, Vacuum, and
Helium Systems
The synchrotron radiation source is a dipole bend-

ing magnet in the electron storage ring. A mask close to

the ring delivers 5 mRad of radiation down the beamline

to the experimental hutch 9 meters from the source.

The maximum flux delivered to sample at 10 pm size is

energy dependent, but for X26A is typically 108 to 10°

ph/s/0.01%BW. Starting at the storage ring end of the

beamline the basic components are (Figure 2):
Water-cooled beryllium window to isolate the
beamline vacuum from the ring vacuum.
First beamline aperture consisting of a fixed
width, horizontal slit and a vertical, V-slit which
can be moved independently to produce a beam
about 1 mm in size. Both slits are water-cooled.
A monochromator tank that contains two sili-
con channel-cut monochromator crystals
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Figure 2. X26A beamline components.

(Si(111) and Si(311) ) for selecting x-rays of a
given energy from the white synchrotron spec
trum. These crystals are water cooled (~10°C)
and reside in a helium environment. The hous
ing has a Be window on each end. This device
can be either in or out of the beam.
8:1 ellipsoidal focusing mirror for focusing ei-
ther the direct white beam or the monochro-
matic beam. The mirror tank has a Be window
on the downstream end and operates in vacuum.
This device can be either in or out of the beam.
With the installation of the KB mirror system,
this focusing mirror is typically not used be-
cause it can only focus down to about 200 pm.
Four-jaw motor-driven Ta-slit assembly for con
tinuous adjustment of beam size from several
centimeters down to several tens of microme-
ters. This is typically set to 350 um as an en-
trance slit for the KB mirrors.
Ion chamber with helium for monitoring the
beam intensity transmitted by the four-jaw slits.
Experimental hutch containing the microprobe
apparatus and interlocked for personnel safety.
Most of the beamline is under high vacuum ranging
between 108 to 10~° torr maintained with ion pumps.
The exceptions are the monochromator housing that is
kept under helium to improve crystal cooling and the
four-jaw/ion chamber housing where helium ionization
is used for the intensity measurement. Three of the Be

windows act as barriers between the helium and high
vacuum segments. Low energy photons (< 3 keV) are
absorbed primarily in the first Be window which is con-
stantly water cooled.

Monochromator

The X26A monochromator (Figure 3) uses two sili-
con channel-cut crystals to “tune” and scan the energy
of the x-ray beam allowed to enter the experimental
hutch. The two monochromator crystals are monolithic
crystals that have had a channel bored down their cen-
ters to expose two parallel surfaces. The white beam
impinges on the first crystal face (oriented at some non-
zero angle) and X-rays with the wavelength | that sat-
isfy the Bragg equation (nl = 2dsing; n an integer, d the
planar spacing and qthe reflection angle) are reflected.
This monochromatized beam strikes the second crystal
face, which reflects it along a horizontal but offset tra-
jectory. The X26A design is unique in that it incorpo-
rates two, side-by-side, channel-cut crystals, each crystal
with a different lattice cut, one a Si(111) and the other
a Si(311). The two crystals cover a different, but over-
lapping, energy range from 4 to 50 keV. The two crys-
tals sit on a translator that allows remote, on-demand
translation between the two crystals where the transla-
tion is perpendicular to the x-ray beam direction. The
crystal holder/translation assembly is mounted to a
Huber 410 with 20:1 gear reducer that provides angu-
lar control (0.05 eV at 7 keV with Si(111)). The crys-




tals are separated laterally by 6 mm to allow white beam
to travel between them even at non-zero rotation stage
positions (thereby allowing rapid changes between
monochromatic and white beam operations). For ex-
periments requiring large horizontal white beam fans
(e.g., microtomography), the tank height can be ad-
justed to allow direct beam to travel above the crystals
when the crystals are at zero degrees. Both crystals
have vertical offsets of about 14 mm above the position
of the direct white beam. The monochromator can be
used both for selective excitation in trace element mi-
croanalysis and for XAFS.

.I 20:1 Gear Reducer

Huber Rotational Stage

Si(311) Crystal

x>\/

= Si(111) Crystal

-
w Water Cooled Cu Block

Translation Stage and Motor

Figure 3: X26A dual crystal monochromator
assembly.

Beam Collimators

Although in principle there are many ways to pro-
duce x-ray microbeams, at X26A we’ve basically used
collimation and focusing. It is relatively easy to colli-
mate the beam. The only limitation is that the flux of
the photons through the hole should remain high enough
to give good sensitivity in a reasonable time. However,
higher fluxes can be obtained with focusing optics and
on X26A virtually all monochromatic studies make use
of our system of Kirkpatrick-Baez microfocusing mir-
rors (Figure 4). Upstream of these mirrors two beam
collimation systems are used to reduce beam size in
manageable increments. The first collimator, called the
aperture, consists of a fixed width, horizontal slit and a
vertical, V-slit which can be moved independently to
produce a beam about I mm in size. The second colli-
mation system, a tantalum four-jaw slit assembly, can
then reduce this beam, either as white or monochro-
matic radiation, down further. In white beam mode we

typically collimate this beam to roughly 30 pm in size
using the four-jaws and then use a pinhole collimator
immediately upstream of the sample within the hutch
to produce a beam size of about 8 um. With the KB
mirror system we typically collimate the monochromatic
beam to 350 um in width (the widest usable beam that
will not overfill the mirrors). This 350 um can then be
focused to about 10 um in diameter.

Focusing Optics

Focusing optics for X-rays remain a great challenge.
Potentially useful devices include Fresnel zone plates,
Kirkpatrick-Baez multilayer mirrors, tapered glass cap-
illaries, refractive lenses, and critical reflection, focus-
ing mirrors. In the past X26A has used an aluminum,
ellipsoidal focusing mirror which produces a focused
beam in the hutch about I/8 the size of the source, i.e.,
about 200 pm. Although still available, this system is
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Figure 4: Trapezoidal mirror bender showing the two
bending forces applied to the movable rods through a
load cell attached to a leaf spring to achieve an ellip-
soidal surface. The pusher forks are attached to pre-
cision translation stages (not shown). A downward
motion of the fork increases the load on the mirror.
Two such assemblies are arranged in a Kirkpatrick-
Baez geometry (one horizontal and one vertical) to
achieve spot focusing. (From Eng et al. 1995).



seldom used. It was found that even with focusing it
was still necessary to use a pinhole collimator in order
to produce microbeams with this system, and thus lim-
iting the available beam flux. Additionally, the device
has a high-energy cutoff at about 14 keV which pre-
cludes excitation of any absorption edges above that
energy.

In 1997 the X26A PRT installed a set of microfocusing
Kirkpatrick-Baez mirrors, which has had a major impact
on analytical capabilities particularly in terms of micro-
beam applications of XAFS spectroscopy. In 1999 these
were further upgraded to a new system designed by
Peter Eng (CARS) with a smaller footprint and improved
focusing. Two separate mirrors focus the beam horizon-
tally and vertically. The mirrors are dynamically bent to
elliptical shapes using a mechanical bender. The mirrors
themselves are Rh-coated silica. Flux loss due to the
reflectivity of the mirrors is roughly 20%. These mir-
rors (9 meters from the source) focus a 350 x 350 um
monochromatic beam down to 10 (vertical) x 14 (hori-
zontal) pm (FWHM) resulting in a gain (flux/mm?) of
about 1000 over a pinhole. The Kirkpatrick-Baez optics
have the advantage of large working distances (50 mm
from the downstream end of the second mirror), achro-
matic operation, i.e. no refocusing is required as the
monochromator energy is scanned, and fixed offset. This
has enhanced sensitivity significantly for
microspectroscopy.

Microprobe Apparatus
Once focused the beam travels through air to the
sample mounted vertically at 45° to the incident beam
(Figure 5). A horizontally mounted Nikon Optiphot pet-
rographic microscope with TV attachment views the
sample normal to its surface. Typically, a 5x or 20x (long
working distance) objective is used giving about 2 or
0.5 mm fields of view, respectively, on the TV monitor
outside the hutch. Transmitted or reflected illumination
is available. The entire microprobe apparatus, including
mirrors, sample stage, optical microscope, and x-ray
detector, rests on a 1 x 0.6 m breadboard that in turn
sits on a motor-driven lift table. The lift table allows the
entire instrument to be positioned at the correct verti-
cal height to intercept the most intense and most highly
polarized portion of the synchrotron radiation profile.
Several types of x-ray detectors are in use:
- A Canberra SL30165 Si(Li) detector (resolu

tion about 150 eV at Mn Ka).

A MicroSpec WDX-3 curved-crystal, wavelength

dispersive spectrometer (WDS) with 4 analyzer

crystals for high energy resolution detection in

the 3 to 17 keV range.

Figure 5: Two images of the X26A experimental table.

A Canberra 790-7S 9-element LEGe hard x-ray
advanced array detector. The system employs
digital signal processing using XIA's DXP digital
spectrometers (expected delivery, summer
2002).
Bruker SMART 1500 CCD diffractometer, opti
mized for collection of data out to high 2 theta
angles and on very weakly diffracting samples
(expected delivery fall 2002).
Custom made mini ion-chambers and pin diode
detectors for transmission x-ray detection.
Each of these detectors is optimum for particular
types of experiments. For most experiments fluores-
cence and scattered x-rays from the sample are de-
tected using our Si(Li) energy dispersive detector
mounted at 90 degrees to the incident beam and within
the storage ring plane (photon polarization plane). The
9-element array detector is optimal for high-count rate
work such as microbeam XAFS. The WDS is optimal
when improved peak resolution is needed, such as when
looking at REE L fluorescence lines where peak overlaps



are severe. Unfortunately this detector requires high
flux and is thus typically best used in white beam mode.
The CCD diffractometer can be used simultaneously with
our Si(Li) and Ge-array solid state detectors for XRD
analysis. Our mini ion-chamber and pin diode detectors
are used for either flux monitoring or transmission mode
XAFS analysis.

DEeTECTION LIMITS

In practice, XRF analyses of trace elements are re-
stricted to the energy interval 3-30 keV. The sensitivity
is poor at low energy because of absorption by the Be
windows and air paths, and low photoionization cross
sections. At high energy, the production of synchrotron
radiation decreases by about 1 order of magnitude for
every 10 keV. Thus, K lines from elements with atomic
number between S and Cs are efficiently detected
whereas heavier elements require detection of L lines.
Detection limits for L lines are somewhat higher than
those for K lines of the same energy because the fluo-
rescence yields are smaller. Since the energy resolution
of the Si(Li) detector is about 150-250 eV, L lines are
often difficult to resolve at low energy (< 7 keV) where
overlap with major element K lines is significant. The
sensitivity of the XRF measurement is controlled princi-
pally by the intensity of the spectral background. Syn-
chrotron radiation from a NSLS bending magnet is about
99.7 % polarized in the horizontal and 0.3 % in the
vertical. Scattering of the vertically polarized photons is
the major source of background in the XRF spectra. In-
complete charge collection in the detector is a second
source of background. While little can be done to dimin-
ish the detector background, scattering background is
minimal when the detector is positioned at 90° to the
incident photon beam and within the storage ring plane.

Detection limits (ppm) are traditionally determined
from a measurement on a standard and defined as C *
3 * (wB)/P, where C is the concentration of the element
in the standard, P is the net counts in the fluorescence
peak and B is the background counts under the 2s width
of the peak. Detection limits typically vary between 0.1
to 10 ppm dependent on the element and the matrix
analyzed.

RUNNING THE MICROPROBE SOFTWARE

In 2000 the PRT installed a new computer control
system that replaced the aging VAX workstations at
X26A. This new system is PC-based, running Microsoft
Windows NT4, and integrates our existing CAMAC elec-

Figure 6. Some of the EPICS and IDL control screens.
The MCA analyzer window is shown in the upper left.

tronics (CAMAC Crate, E500 controllers, Real Time Clock,
etc.) through a VME crate running EPICS. The drivers
and hardware integration were developed by Mark Riv-
ers and is similar to software that is being used by the
CARS beam lines at the APS. Not only does the new
system bring commonality between the CARS opera-
tions at APS and the NSLS, but it provides a convenient
upgrade path for beam lines such as X26A that have a
pre-existing (and difficult to replace) investment in
CAMAC based electronics. The new EPICS based soft-
ware provides a new level of flexibility on controlling
motors and detectors that was not possible in the past
(Figure 6).

It’s not feasible here to fully describe the operating
software for the beamline. Those interested in examin-
ing the operating manuals are directed to our web-site,
where we have made these available to users online:
http://www.bnl.gov/x26a

But basically the operating system is divided into
two sets of beamline controls. MEDM (Motif Editor and
Display Manager) is a graphical front-end to EPICS (Ex-
perimental Physics Industrial Control System) that we
use to physically control beamline motors and electron-
ics through EPICS. MEDM is an extension of EPICS and
is a graphical user interface (GUI) for designing and
implementing control screens consisting of a collection
of graphical objects that display and/or change the val-
ues of EPICS process variables. We then simultaneously
use IDL (Interactive Data Language) to interact with
MEDM in setting up scans, operating the multi-channel
analyzer, and process data. Typically both packages need
to be running to collect data but only MEDM is needed
to move motors, turn on and off MCA, AIM, or HV elec-
tronics, etc.




With IDL all scans, data acquisition, and data pro-
cessing can also be done using GUI'’s (called widgets in
IDL). All these routines are written by us in house and
freely distributed to users, who only need to acquire a
copy of IDL to use them. IDL is ideally suited to analysis
of large matrix arrays (of which we generate many) and
its simplicity and modularity in programming allows us
to rapidly modify programs as our needs change.

MAKING A MEASUREMENT

The main steps in making an XRF measurement
are:
Sample preparation
Instrument alignment including establishing the
precise location of the beam
Detector calibration
Filters selection
Pulse processing electronics setup
Detector count rate optimization
Counting time estimation
Spectrum acquisition

Geological specimens are typically prepared either
as conventional thin sections (preferably 1” circles) or
as individually mounted fragments on thin plastic film. No
electrically conducting coating is required. There are 4
main considerations in sample preparation. First, since
SXRF is a trace element technique samples must
be prepared in a clean manner with clean materials.
Avoid touching the sample surface, clean samples prior
to analysis and use clean mounting adhesives. Most ther-
mal cements we've found are quite dirty with respect to
their trace element content. Epoxies that we have found
to be acceptable include Buehler Araldite epoxy,
Scotchcast electrical resin, acrylic resins such as LR
White, Duco 5 minute epoxy, and cyanoacetate
(SuperGlue).

Additionally, the incident x-ray beam commonly
penetrates the sample and backing material. The sam-
pling depth for fluorescent x-rays is both matrix and
element dependent. As a rule of thumb, highest sensi-
tivity for a particular element will be obtained if the
sample thickness is about equal to the 1/e absorption
depth for the associated x-ray in the matrix of interest.
However, lesser thicknesses at the expense of sensitiv-
ity are almost always required so that inclusion-
free volumes can be analyzed. For geologic samples with
densities on the order of 2.5 g/cm?, it can be expected
that high energy fluorescent x-rays generated from the
sample can escape from depths exceeding 300 pm. Itis
therefore essential that backing materials also be pure.
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This usually means using pure silica glass slides for
thin sections (e.g., Suprasil #2 slides from Heraus
Amersil seem to have the lowest trace element con-
tents) or Kapton plastic film for particles. Typical win-
dow glass used for most petrographic applications can
be notoriously contaminated with Fe, Cu, Zn, and/or As.
Scotch tape is also an acceptable mounting material
and is generally trace element clean with the exception
of Br in the adhesive. One note here, however, is that
silicon found in the adhesives of Scotch or Kapton tape
can effectively absorb a fair amount of low energy x-
rays below 6 keV. If this is a concern it’s best to try and
keep the front surface of the sample free of these types
of materials. Lastly, much of the scattered background
radiation observed is from scattering off the sample and
its backing material, so it's best to try and keep the
thickness of the backing to a minimum. Free standing,
parallel surfaced slabs are ideal but usually impractical.

Optical photodocumentation of samples is a real plus
when working on the microprobe and since the micro-
probe uses a petrographic microscope, the photographs
will accurately represent the view seen on the TV moni-
tor. If possible, determine major element chemistry and
sample thicknesses prior to an experimental session.

Once you're ready to start analyzing it’s then nec-
essary to align the microprobe. First, the mirrors or pin-
hole, microscope, sample stage, and detector must be
positioned so that the microscope is looking at the point
in space where the incident beam is hitting the sample.
The detector sits at 90° to the beam and the micro-
scope at 45°. Since we’re using a channel-cut mono-
chromator, as we significantly shift energies between
experiments the height of the monochromatic beam
changes as well. We can move the four-jaws vertically
to reposition on the most intense portion of the beam
and then change the height of the entire aligned as-
sembly via the lift table. A zinc sulfide phosphor is used
to find the x-ray beam position since it
optically fluoresces. This fluorescent beam is then fo-
cused to the microscope and its position noted physically
on the TV monitor. This defines a single point in space
that is the intersection of the microbeam and the focal
plane of the microscope. Since our microscope objec-
tive has a very short focal length, as long as the sample
is optically focused on the monitor you have high confi-
dence of the horizontal beam position.

The detector is usually calibrated using either a vari-
able energy radioactive source, a spectrum of an anor-
thite glass standard (AN100, Geophysical Lab), or NIST
XRF thin film standards. Filters may be required on the
detector to suppress intense K fluorescence from major
elements, in geologic materials this is principally from
Ca and Fe. Typically, Kapton (0.5 mm) is used for the



former and aluminum (0.17 mm) for the latter but the
optimum filtering conditions depend very much on the
major element concentrations and the goals of a
particular experiment.

The detector’s amplifier electronics can be set for
shaping times ranging from 0.5 to 12 psec. A measure-
ment that is sensitivity-limited could use short shaping
times so that the maximum count rate can be obtained.
On the other hand, a measurement suffering from peak
overlap should use higher shaping times for the highest
resolution.

As with any solid-state detector, dead time is also
an issue. A counting dead time of about 30-40 % is
typically optimal, yielding the highest count rate in terms
of counts per clock time. But in order to ensure that the
counts/pixel in fluorescent mode are comparable be-
tween points that may have different dead time, data is
typically collected in ‘live time’ or detector time. So if
you're analyzing a point with 30% dead time, the de-
tector will count 30% longer to account for the differ-
ence. Using constant live counting times allows spectra
with different dead times to be directly compared. Count-
ing times are determined by the minimum detection limit
(MDL) and precision that one is trying to achieve. Both
of these parameters can be obtained from a measure-

ment of a suitable standard. Remember, though, that
the MDL is a square root function of the counting time
so that doubling the counting time leads to a sensitivity
improvement of only 40%.

In some cases, however, lower count rates may be
necessary. This is particularly true when pileup peaks
(spectral artifact caused by two x-rays being sampled
simultaneously) interfere with a fluorescence peak of
interest. Pile-up peaks can be reduced with a thicker
detector filter, by moving the detector further away from
the sample, or by adjusting the shaping time of the
detector.

The ultimate result of all this is typically an XRF
spectrum, a plot of counts as a function of energy usu-
ally dividing into 2048 (2K) channels. An example of a
“raw spectrum” is shown in Figure 7. XRF
spectra typically consist of a large humber of fluores-
cence peaks but also artifact peaks such as pileups, es-
capes and occasionally diffraction peaks. Escape peaks
occur when an x-ray excites a Si atom in the detector
and the resulting Si Ka fluorescent x-ray (1.74
keV) manages to escape the crystal. Thus, small es-
cape peaks are observed at 1.74 keV below intense
peaks in the spectrum. Diffraction peaks are observed
from well-ordered samples. If the samples are excited
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Figure 7. Energy dispersive XRF spectra of an interplanetary dust particle (Flynn et al., 2000).
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Figure 8. Typical x-ray energy dispersive compositionmal map, this for Th La1 fluorescence from a fossilized Cretaceous fish of the Green

River Fm. (Cole et al., 2002)

with white light and the energy dispersive detection
method is used, lattice planes oriented at 45° to the
incident beam can diffract x-rays that satisfy Bragg’s
Law into the detector and a peak is produced in
the spectrum whose energy depends on the lattice plane
spacing. Such peaks are identifiable because they (1)
occur at energies corresponding to no fluorescence tran-
sition, (2) lack companion peaks associated with the fluo-
rescence process and/or (3) change energy and intensity
on reorientation of the specimen. Luckily, when using
monochromatic radiation such peaks are rarely observed.

During compositional mapping (Figure 8) or XAFS
analysis, however, we typically don’t save the entire XRF
spectrum for each pixel. Although we do have the capa-
bility of doing this in an automated fashion, we find that
in most cases it's typically more useful to define Re-
gions of Interest or ROI’s to be saved for each pixel
within a single data file. Each ROI defines the net counts
in a given number of channels for a given fluorescence
peak of interest, for example Fe Ka or Pb Lal.

DATA PrROCESSING AND COMPOSITIONAL
CALCULATIONS

Most of the XAFS or XRD data obtained at X26A can
be evaluated using the same types of data processing
techniques that most synchrotron users are aware of.
Due to space limitations I won't go into detail on these
here, since we've tried to make the data formats more
or less standard. I will make two recommendations,
however. For XAFS data we increasingly find that users
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are migrating towards the use of Thorsten Ressler’s
WinXAS program. It continues to be an impressive piece
of software for XAFS analysis and we highly recommend
it. Information can be found here:http://www.winxas.de/
For XRD analysis, our data are collected in Bruker's
(what used to be Siemens) proprietary format. Luckily,
an excellent freeware routine written by Andy Hamersley
will read Bruker images and allow for calibration, inte-
gration, etc. Again, we highly recommended it and you
can find information on this program here:
http://biocatl.iit.edu/fit2d/

With that out of the way I do want to spend some
time discussing the calculation of elemental concentra-
tions from the X26A energy dispersive data. As with
instruments like the electron microprobe, ideally to cal-
culate the concentration of an element from an XRF
energy or wavelength dispersive spectra corrections
must be made to account for differences in the absorp-
tion and fluorescence characteristics of samples and
absorbers on the instrument (so called ZAF corrections
in EMP analysis). On an electron microprobe this is some-
what simplified by the small interaction volume of the
electron beam, generally restricting fluorescence to the
surface of the sample. The X26A x-ray beam, however,
is highly energetic and deeply penetrating, so that the
escape depth of characteristic x-rays generated from
the sample interaction with the incident x-ray beam is
strongly affected by the density and atomic humber of
the material being analyzed. Additionally, since the analy-
ses are done in air, the length (absorbance) of the air
path between the sample and detector also affects these



calculations as a function of x-ray photon energy, less
energetic x-rays being more strongly absorbed.

Therefore, two approaches are typically used, a stan-
dard based technique and one based on standard-less
analysis. In the former, a standard containing
the elements of interest in known concentrations is ana-
lyzed and used to determine the elemental sensitivities
in terms of counts per unit beam flux. This can be a
very accurate technique, particularly for low-density
materials such as biological specimens where the over-
all average atomic number varies little and absorption
is small. So, if your standard has all the elements that
you're interested in relative to your unknown all you
basically do is calculate concentration based on the rela-
tive fluorescent peak intensities of the unknown versus
your standards. However, this technique assumes the
standard and the unknown are identical with regards
with density and thickness. In geological materials this
is virtually never the case, but corrections for such ef-
fects can be made using the NRLXRF software (see be-
low).

We find the latter approach typically more useful
for geologic materials. In the standard-less approach
we assume that the concentration of one of the de-
tected elements in the “unknown” spectrum is known
either by the results of another analytical technique, such
as electron microprobe, or by stoichiometry (for example
Ca abundance in calcite). In this case, the known element
is used as a reference and the sensitivities relative to
that element are computed theoretically for all other
elements. We use a modified version of the public-do-
main software NRLXRF (from the Naval Research Labo-
ratory; Criss, 1977). NRLXRF was written for conven-
tional XRF analysis where one has a standard for every
element of interest. Since trace element standards with
micrometer scale homogeneity are rare, we have modi-
fied the program for “standard-less” analysis, i.e. theo-
retical estimation of elemental concentrations from an
individual spectrum. Basically, a theoretical standard is
created by normalization to a specific x-ray fluorescence
line of known composition. Even in the standard-based
analysis described above, corrections for matrix and
thickness differences between the standard and the
unknown must often be made but these corrections tend
to be small when dealing with relative sensitivities. This
program takes into account the absorption of the inci-
dent beam by Be windows, air, etc., photoionization ef-
ficiencies, fluorescence yields, self-absorption, secondary
fluorescence, and fluorescence beam absorption by air
and detector filters. As input parameters, NRLXRF needs:

Either the synchrotron production spectrum
calculated theoretically for white beam or the
incident monochromatic beam energy
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The composition and thickness of incident beam
filters

Incident/take-off geometry

Sample major element composition and thick-
ness

Composition and thickness of detector filters,
including the detector to sample air path

Most of these parameters are fixed by beamline
geometry and optics, and thus well known. The biggest
challenge for the user is to determine the sample thick-
ness in grams per unit area, which is crucial in accu-
rately predicting self-absorption effects. Thickness
can usually be estimated with sufficient accuracy on a
high-powered, petrographic microscope by focusing on
the top and bottom surfaces of a mineral grain, reading
the differential height from the stage micrometer and
correcting for the index of refraction. An estimate of the
sample density is then also needed. With this informa-
tion the concentrations can then be calculated in elemen-
tal weight percent.

For those interested in a more detailed explanation
of our implementation of NRLXRF at X26A, we direct
you to the following website:
http://cars9.uchicago.edu/sutton/snrixrf doc/
snrixrf.htm.

APPLICATIONS AND EXAMPLES

The microprobe can provide trace element compo-
sitions with 1-ppm detection sensitivity or better (SXRF),
all elements (with Z> 16 or so) can be seen simulta-
neously, and it is usually easy to distinguish different
elements.

Relative abundances of elements in particular can
be quickly calculated with high precision and accuracy.
For microXANES typically hundreds of ppm are required
for relatively rapid characterization (although in practi-
cality other factors such as the atomic humber of the
element of interest, average sample density, K vs. L
shell absorption, etc. are factors as well). Numerous
examples of the type of research conducted at X26A
are available in PDF on our website at:
http://www.bnl.gov/x26a

X26A has long been used to provide information on
redox chemistry and speciation (XANES) and constrain
mineralogy and crystal chemistry (SXRD, EXAFS) at
micron spatial resolutions. With these varying capabili-
ties analyses can be directly coupled to petrographic,
geochronologic, and EMPA data. The analyses can be
done non-destructively and in-situ: analyses can be done
on thin-sections, rock fragments, powders, soils, and
biological materials, samples can be in solution, liquids,




amorphous solids, aggregates, plant roots, surfaces, etc.
Trace element analyses can be performed on small (< 1
nanogram) specimens, particle analyses that are vital
in atmospheric chemistry studies of transport and depo-
sition of anthropogenic pollutants, natural atmospheric
dust, and historical climatic reconstructions.
Cometary and interplanetary particles smaller than 10
um in diameter that are collected in the stratosphere
can also be studied (see Flynn and Sutton’s 1998 sci-
ence highlight on the analysis of interplanetary dust
particles at http://nslsweb.nsls.bnl.gov/nsls/pubs/
actrpt/1998/2geo.pdf). Geochemical partitioning and
migrational behavior can be studied at concentration
levels found in nature without the need for sample pre-
concentration or pre-conditioning (see Tokunaga et al’s
2001 science highlights on chromate diffusion in soils at
http://nslsweb.nsls.bnl.gov/nsls/pubs/actrpt/2001/
sec2 scihi_geo tokunaga.pdf). Such information is cru-
cial in inferring the physio-chemical evolution of earth
and environmental systems. In biologic systems, trace
metals can be studied with few beam effects on the
sample and without the need for any special sample
preparation (see Lanzirotti et al’s 2001evaluation of
methyl mercury in human hair tissue at http://
nslsweb.nsls.bnl.gov/nsls/pubs/actrpt/2001/
sec2 scihi geo lanzirotti.pdf). In agricultural and
phytoremediation studies this means that plant materi-
als can be analyzed without the need for drying the
sample, which can affect metal distribution (for example
see Ross et al’s 2000 highlight on Pb association with
Mn oxides in soils at http://www.pubs.bnl.gov/nsls00/
pdf/2 scihi env.pdf or Schulze et al’s 1999 highlight on
the effects of soil fungi on Mn reduction at http://
www.pubs.bnl.gov/nsls99/pdf/2env.pdf ). In toxicology
studies trace metals such as Hg, Pb, Cr, Se, As can all be
analyzed in tissue sections. Actinides can be studied in-
situ to better understand their chemical behavior in rocks
and soils, studies critical to evaluating remediation and
storage of nuclear waste sites (for example see Duff et
al’'s 1999 highlight on Pu sorption in Yucca Mountain
rocks at http://www.pubs.bnl.gov/nsls99/pdf/2env.pdf
or studies of U chemistry in ancient systems by McCall
et al. at http://nslsweb.nsls.bnl.gov/nsls/pubs/actrpt/
2001/sec2 scihi geo mccall.pdf and Lanzirotti et al. at
http://www.pubs.bnl.gov/nsls00/pdf/2 scihi geo b.pdf
A list of selected papers generated by the x-ray micro-
probe research is given below for further details on this
work.
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